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FULL PAPERS
Charge separation and recombination dynamics in relation to film morphology and energetics are reported in nonfullerene-based PffBT4T-2OD:FBR solar cell. PffBT4T-2OD shows efficient exciton diffusion to the interface between the electron donors and the acceptors. Its small energetic offset explains relatively lower current density and fill factor correlated with geminated recombination and fielddependent photogeneration. 
Introduction
Organic solar cells (OSCs) are attracting extensive interest due to their potential as low cost, light weight, flexible, and readily processed photovoltaic devices. [1] [2] [3] [4] [5] [6] Most OSC devices are based on the bulk heterojunction (BHJ), a blend of an electron donating polymer with an electron accepting molecule. [7] [8] [9] [10] [11] [12] [13] [14] While fullerene derivatives have been most widely employed as electron accepting molecules, attention is now increasingly focused on alternative, nonfullerene acceptors (NFAs), [6, [15] [16] [17] [18] [19] [20] [21] [22] [23] which have achieved device efficiencies of up to ≈12%. Highly crystalline, electron donating polymers have been shown to be particularly effective at yielding efficient photovoltaic device performance with a range of both fullerene and nonfullerene acceptors. [7, 8] However, the quantitative understanding of how the material crytallinity and energetics impact upon device performance remains a key challenge for the rational design of such donor and acceptor materials and the selection of optimum blend nanomorphologies. In this study, we report an analysis of these issues for blends of a highly crystalline donor polymer, poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′″-di(2-octyldodecyl)-2,2′;5′,2″;5″,2′″-quaterthiophen-5,5′″-diyl)] (PffBT4T-2OD) with either the most widely studied fullerene acceptor, PC 71 BM, or a promising nonfullerene electron acceptor, FBR (see Figure 1 for molecular structures). We focus in particular upon the kinetics of charge separation, recombination, and transport in these blends which underpin device efficiency, and how these processes are influenced by the film nanomorphology and material energetics.
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© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FBR can yield device open-circuit voltages (V OC ) of 1.12 V, corresponding to a remarkably low voltage loss of only 0.5 V between the optical bandgap and qV OC . [24] These devices yielded power conversion efficiencies (PCE) of 7.8%, limited primarily by relatively modest external quantum efficiencies (EQE ≈ 57%) and fill factors (FF ≈ 61%). [24] In the study herein, we focus upon the factors limiting the EQE and FF in such crystalline donor polymer:nonfullerene acceptor devices, employing the analogous, more crystalline, donor polymer, PffBT4T-2OD. PffBT4T-2OD is a promising, widely studied donor polymer for BHJ solar cells, and exhibits, in blends with a range of acceptor mole cules, promising device efficiencies ≈11%, correlated with a high degree of crystallinity and a well-defined phase separation, with pure domains of 30-40 nm diameter. [7, 8] This relatively large domain size is particularly surprising, as it exceeds the exciton diffusion length reported for most donor polymers. [7] However, studies of underlying exciton and charge carrier dynamics in blends employing this donor polymer, and how these are influenced by blend nanomorphology and choice of electron acceptor, have been absent from the literature to date.
We focus herein on blends of PffBT4T-2OD with PC 71 BM and a rhodanine-flanked nonfullerene acceptor, FBR (full name in the Supporting Information). [24] [25] [26] The molecular structures and energy levels of these photoactive materials are shown in Figure 1 . FBR has a relatively high lowest unoccupied molecular orbital (LUMO) compared to PC 71 BM, which has been shown to result in enhanced voltage output with both P3HT [25] and PffBT4T-2DT. [24] We have reported relatively fast charge recombination losses in P3HT:FBR blends compared to P3HT:PC 61 BM blends, and suggested that these most likely originate from the relatively intermixed morphology present in the P3HT:FBR blend, as well as the smaller energy offset driving charge separation caused by the higher LUMO level of FBR. [25] In the study we report herein, we focus on the more crystalline PffBT4T-2OD:FBR blend, and in particular the extent to which exciton decay to ground, the geminate recombination of bound charges at the donor/acceptor interface and the nongeminate recombination of dissociated charges can impact upon the short circuit photocurrent (J SC ) and FF of the complete devices using this blend. As such, this study provides insights into the impact of the crystallinity and energetics of photoactive materials on the performance of crystalline donor polymer:nonfullerene acceptor blend solar cells.
Results and Discussion
Device Current/Voltage Characterization
BHJ OSCs were fabricated with the inverted device structure of glass/ITO/ZnO/active layer/MoO 3 /Ag, where the active layer comprised blends of PffBT4T-2OD with PC 71 BM or FBR. Current density-voltage (J-V) characteristics of optimized devices measured under AM 1.5G solar illumination at 1 sun (100 mW cm −2 ) are shown in Figure 2a and summarized in Figure 1 . a) Chemical structures of PffBT4T-2OD as an electron donor material and FBR and PC 71 BM as electron acceptors, b) energy levels of the materials used in this work from thin films; HOMO levels measured by cyclic voltammetry and LUMO levels calculated based on HOMO levels and optical bandgap. [7, 25] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9 the spin-speed to adjust film thickness, and the temperatures of thermal treatments. For PffBT4T-2OD:PC 71 BM devices, these data are broadly consistent with previous reports. [7, 8] Devices employing FBR showed optimal device efficiencies for rather thinner photoactive layers (≈100 nm) compared to PffBT4T-2OD:PC 71 BM blend layers (≈200 nm), with FBR device efficiencies being found to be relatively less sensitive to active layer thickness ( Figure S2 , Supporting Information). For both blends, spin-coating from 1:1.4 (wt/wt) donor:acceptor solutions in a cholobenzene:o-dichlorobenxene (CB:o-DCB, 1:1) was found to yield optimum performance. Blends with PC 71 BM required addition of 3 vol% 1,8-diiodooctane (DIO) to the processing solution for efficient devices (thought to be a processing additive to promote nanoscale phase separation); in contrast, this addition degraded the performance of FBR devices. PffBT4T-2OD:FBR-blend devices exhibited a higher V OC (1.11 ± 0.01 V) compared to the PffBT4T-2OD:PC 71 BM-based solar cells (0.81 ± 0.01 V), assigned primarily to higher LUMO level of FBR, as well as suppressed nonradiative recombination losses. [24] It is apparent that the performance of PffBT4T-2OD:FBR devices is limited by their relatively low FF and J SC , resulting in a device efficiency of ≈7.0% compared to 10.3% for devices employing PC 71 BM. Figure 2b shows the EQE spectra of corresponding devices. Integration of these spectra yielded calculated one sun photocurrents in good agreement (within 5%) of the measured J SC 's (11.9 mA cm −2 for FBR device and 18.8 mA cm −2 for PC 71 BM device). It is apparent that the lower J SC for the PffBT4T-2OD:FBR devices result primarily from lower EQE values-with these peaking at 47% compared to 71% for PffBT4T-2OD:PC 71 BM devices.
To assign EQE spectra of both blend solar cells, the optical properties of PffBT4T-2OD-based blend films were investigated using UV-visible absorption. The normalized UV-visible absorption spectra of solid thin films are shown in Figure 3a ,b. PffBT4T-2OD exhibits strong absorption in the 600-750 nm region with a maximum absorption of 698 nm. In contrast, both acceptors exhibit complementary absorption in the 400-600 nm range, with FBR absorption being significantly more intense. These broad blend absorption spectra are consistent with the EQE shown in Figure 2b . It can be seen that the EQE covers a broad response of 450-750 nm for both solar cells. The EQE in the 600-750 nm range is attributed to PffBT4T-2OD absorption, while that in the 450-600 nm range is attributed to FBR and PC 71 BM absorption, indicating that both acceptors contribute to the photocurrent generation in these BHJ solar cells. Plots of J SC versus light intensity yielded near linear behavior for both acceptors, with only small sublinear deviations from linearity at high intensities ( Figure S4 , Supporting Information). These data indicate that nonlinear losses such as nongeminate recombination are relatively modest at short circuit for both blends, and therefore those differences in nongeminate recombination losses cannot explain the higher J SC and EQE values obtained for the PffBT4T-2OD:PC 71 BM devices. As such, we focus herein primarily on monomolecular decay processes and how these limit J SC and FF. Specifically, we focus on losses associated with exciton decay to ground prior to separation at the donor:acceptor interface and on the geminate recombination of photogenerated charges bound at this interface.
Blend Film Morphology
PffBT4T-2OD has previously been shown to maintain its high crystallinity in blend films with a range of acceptor molecules. [7] In order to investigate any morphological differences between the PffBT4T-2OD:PC 71 BM and PffBT4T-2OD:FBR blends studied herein, grazing incidence wide angle X-ray scattering (GIWAXS) and atomic force microscopy (AFM) were used, employing the optimum device processing conditions identified above, and complimented by exciton diffusion length and photoluminescence (PL) quenching data presented in the following section. Data were collected with and without DIO. As indicated in Figure S5 (Supporting Information), all the blend films show GIWAXS peaks indicative of similar PffBT4T-2OD lamellar d-spacing (q = 3.0 nm −1 (100)) and π-π stacking spacing (q = 17.5 nm −1 (010)) independent of acceptor or the use of DIO. To gain quantitative insight into the structural changes, the integrated intensity of lamellar stacking (100) peak was fitted to a Gaussian profile to calculate the crystalline correlation length (CCL), a parameter related to the domain size. We observe slightly higher CCL of Pff4TBT-2OD domain in Pff4TBT-2OD:FBR (CCL ≈ 14.7 nm) as compared to Pff4TBT-2OD:PC 71 BM analog (CCL ≈ 12.9 nm) indicating a slightly larger domain size for Pff4TBT-2DT:FBR. [24] We note these domain sizes estimated herein appear a little shorter than previous soft X-ray scattering morphological studies of PffBT4T-2OD blend films by Yan and co-workers, which have indicated the formation of relatively large (up to 30-40 nm) PffBT4T-2OD domains. [7, 8] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com
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AFM data, employed to investigate the surface morphology of these photoactive layers, are plotted as height (left) and phase (right) images in Figure S6 (Supporting Information). AFM data for optimized devices of either acceptor showed similar surface morphologies and film roughness: R rms = 2.9 nm for PffBT4T-2OD:PC 71 BM with DIO and R rms = 2.5 nm for PffBT4T-2OD:FBR without DIO. On the other hand, nonoptimized films showed rougher film surface indicative of excessive phase segregation: condition, R rms = 7.2 nm for PffBT4T-2OD:PC 71 BM without DIO and R rms = 5.1 nm for PffBT4T-2OD:FBR with DIO. While both optimized blend films showing similar roughness, a more fibril structure is apparent in the phase images for the PffBT4T-2OD:PC 71 BM blend film with DIO ( Figure S6b , Supporting Information), which may aid charge collection in this blend. Overall these data indicate that optimized blends with PC 71 BM and FBR acceptor exhibit similar broadly similar, as is further supported by the PL quenching data presented below.
Exciton Lifetime and Exciton Diffusion Length for PffBT4T-2OD and FBR
The PffBT4T-2OD domain sizes estimated by XRD above (13-15 nm) are larger than those typically observed in efficient organic BHJ solar cells, and also rather long relative to the exciton diffusion lengths (L exc ) typically reported for conjugated polymers. [27] [28] [29] [30] As such, these large domain sizes might be expected to limit efficient exciton separation in these blend films. In order to address this issue, we employed intensity dependent ultrafast transient absorption spectroscopy (TAS) measurements to measure the exciton diffusion length in neat PffBT4T-2OD and FBR films (the exciton diffusion length for PC 71 BM has previously been measured to be 3-5 nm). [31, 32] This method is based on the observation of the monomolecular exciton decay to ground at low excitation densities, and bimolecular exciton-exciton annihilation at high excitation densities. These data are used to determine the exciton diffusion coefficient (D exc ), monomolecular exciton lifetime (τ exc ), and thereby L exc = (D exc τ exc ) 1/2 (see Figure S7a , Supporting Information). [29, 30] Photoexcitation of neat PffBT4T-2OD at 715 nm results in the appearance of a broad photoinduced singlet exciton absorption spectrum with a maximum at 1300 nm (Figure 4a) . The decay of this photoinduced absorption was observed to be strongly intensity dependent, exhibiting decay half-times ranging from ≈450 ps at the lowest usable excitation density 0.2 µJ cm −2 to 21.5 ps at 50 µJ cm −2 ( Figure S7 and Table S1 , Supporting Information, representative data at 10 µJ cm −2 is shown in Figure 5a ). As expected, the decay dynamics are approximately monoexponential at low excitation densities, while power laws are observed at high excitation densities. From these data, we obtain values of D exc = 2.1 × 10 −3 cm 2 s −1 and L exc = 10.9 nm for PffBT4T-2OD. Analogous data for neat FBR yielded values of D exc = 5.8 × 10 −3 cm 2 s −1 and L exc = 5.5 nm. The value of L exc for PffBT4T-2OD is relatively large compared to those reported for other donor polymers, [27] [28] [29] [30] which typically have values closer to 5 nm, and longer than that observed herein for FBR. This long exciton diffusion length appears to result primarily from the long exciton lifetime of PffBT4T-2OD rather than faster exciton diffusion kinetics. This long lifetime is most probably 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com
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© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim associated with the relatively rigidity of PffBT4T-2OD suppressing nonradiative decay to ground. The long exciton diffusion length for PffBT4T-2OD is likely to be a key reason behind blends employing this polymer being able to achieve reasonably efficient exciton separation with relatively large, crystalline polymer domains.
PL quenching measurements were employed to measure directly the yield of exciton dissociation in the blend. PL quenching is complimentary probe of film morphologies, with subunity quenching efficiencies typically resulting from exciton decay to ground during exciton diffusion to the polymer/ acceptor interface. PL spectra of the pristine materials and donor:acceptor blend films prepared at optimal 1:1.4 (wt/wt) ratio are presented in Figure 3c ,d. Following selective excitation of PffBT4T-2OD at 600 nm, both blend films exhibit reasonably strong polymer PL quenching relative to the neat polymer film, by 87% in the blend with PC 71 BM and 83% in the blend with FBR. This PL quenching is less than that typically observed in blends with more amorphous donor polymers, but similar to that observed for P3HT:PC 61 BM, [25] consistent with the strongly phase segregated morphology indicated from the structural analyses detailed above. As we discuss below, this subunity PL quenching is assigned to exciton decay to ground during exciton diffusion, most likely resulting from the relatively large PffBT4T-2OD domain sizes. In contrast, selective excitation of FBR at 480 nm resulted in almost complete (>99%) quenching of FBR PL, indicating relatively small FBR domains and/or that FBR domains include a significant fraction of intermixed donor polymer (PC 71 BM emission quenching could not be measured due to its low PL yield). Excitation of the FBR did not result in measurable PffBT4T-2OD emission, indicating negligible energy transfer from FBR excitons to PffBT4T-2OD. From these PLQ data and the measured exciton diffusion length of PffBT4T-2OD, we can estimate PffBT4T-2OD domains sizes of 8 and 9 nm in blends with PC 71 BM and FBR, respectively, in reasonable agreement with the domain sizes estimated from XRD data. [37] The rather smaller polymer domain sizes measured from the PLQ data compared to the XRD data most probably results from the presence of some PffBT4T-2OD in intermixed polymer:acceptor domains, which would result in the measured PLQs being overestimates of the PLQ from the pure PffBT4T-2OD domains alone.
Geminate Recombination Losses of PffBT4T-2OD-Based Blends
Our PL quenching data above indicates that exciton decay to ground results in ≈13% and 17% quenching yield losses for PffBT4T-2OD excitation of blends with PC 71 BM and FBR respectively (assuming similar PL quenching in complete devices). While not insignificant efficiency losses, these losses are unable to explain the significantly higher EQEs observed for PffBT4T-2OD:PC 71 BM devices compared to PffBT4T-2OD:FBR devices (71% and 47%, respectively). Therefore, ultrafast TAS measurements were employed to further investigate the charge separation process in PffBT4T-2OD:PC 71 BM and PffBT4T-2OD:FBR blend films. Transient absorption spectra of these blend films are presented in Figure 4b ,c, with these data being normalized to matched densities of absorbed photons. For both blend films, the transient absorption spectra at early times exhibit a similar broad absorption to that of the neat polymer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com film, and are therefore assigned to PffBT4T-2OD singlet excitons. These blend spectra rapidly evolve at longer time delays to a narrower, blueshifted, photoinduced absorption with a maximum at 1100 nm, typical of polaron formation in such blend films. [31] As expected, the early time (1 ps) spectrum assigned to PffBT4T-2OD excitons is similar in amplitude for both blends. However, the amplitude of the 1100 nm polaron signal observed at long times (1 and 6 ns in Figure 4b ,c) is significantly larger (almost two fold) for PffBT4T-2OD:PC 71 BM compared to PffBT4T-2OD:FBR. This larger amplitude cannot be assigned to PC 71 BM anion absorption, which exhibits only a very weak, and redshifted absorption. [31] These spectra therefore indicate that the PffBT4T-2OD:PC 71 BM blend exhibits a significantly higher yield of long-lived polarons than the PffBT4T-2OD:FBR blend. Figure 5 shows the corresponding transient absorption dynamics for neat polymer and both blend films at two probe wavelengths. Figure 5a compares the PffBT4T-2OD singlet exciton decay dynamics at 1300 nm in the two blend films compared to the neat polymer film. It is apparent that in both blends, the PffBT4T-2OD exciton decay kinetics are significantly faster than for the neat polymer, exhibiting decay halftimes of 36 and 59 ps for the blends with PC 71 BM and FBR, respectively, approximately one order of magnitude faster than the exciton decay in the neat polymer film. These data are in reasonable agreement with the PL quenching data discussed above, and with the modestly higher exciton separation efficiency for blends with PC 71 BM compared to FBR. This difference in exciton separation is however not enough to explain the substantially higher yield of long-lived charges, and higher EQE values, observed for the PC 71 BM blend compared to the FBR blend.
U N C O R R E C T E D P R O O F
We turn now to the polaron decay kinetics monitored at 900 nm (Figure 5b ). At early times (<100 ps), these data are dominated by the decay of polymer exciton absorption. However, these excitons have decayed by ≈100 ps (Figure 5a ) and so the remaining, long-lived signal can be assigned to polaron absorption. It is apparent that for the PffBT4T-2OD:FBR blend film, this polaron signal is both smaller and decays faster than for PffBT4T-2OD:PC 71 BM, indicating that both the yield and lifetime of photogenerated polarons are lower for blends with FBR compared to PC 71 BM. Analogous ultrafast TAS data were also collected for selective acceptor excitation at 480 nm, as plotted in Figure 5c and Figure S8 (Supporting Information). Again, for matched densities of photons absorbed, the yield and lifetimes of photogenerated polarons were lower for PffBT4T-2OD:FBR blends compared to PffBT4T-2OD:PC 71 BM blends, as apparent from the long time (>100 ps) data in Figure 5c .
The polaron decay dynamics monitored in Figure 5b ,c were measured as a function of light intensity, as plotted in Figures S9 and S10 (Supporting Information) for time delays >500 ps for excitation densities ranging from 3.6 to 26 µJ cm −2 . From these data it is apparent that for PffBT4T-2OD:PC 71 BM, the polaron decay kinetics are significantly retarded at the lowest excitation densities, indicative of these decay dynamics resulting, at least in part from nongeminate recombination losses associated with the relatively intense pulse laser excitation. In contrast, the polaron decay dynamics for the PffBT4T-2OD:FBR blend were found to be intensity-independent, indicating they should be assigned to geminate recombination of bound polaron pairs rather than nongeminate recombination of dissociated polarons ( Figures S9 and S10, Supporting Information) . It can thus be concluded that the PffBT4T-2OD:FBR blend exhibits significantly greater geminate recombination losses than PffBT4T-2OD:PC 71 BM blends, and that this recombination primarily occurs on the ≈1 ns timescale. It is also apparent that the magnitude of these geminate recombination losses are sufficient to explain the lower EQE values obtained for the PffBT4T-2OD:FBR based solar cells, although a quantitative analysis of this point requires consideration of the field dependence of these losses, as we discuss further below.
Nongeminate Recombination Losses
The previous sections have discussed the role of exciton decay to ground and geminate recombination in determining the efficiency of PffBT4T-2OD:FBR and PffBT4T-2OD:PC 71 BM devices. We now turn to the analysis of nongeminate recombination losses, how these impact upon V OC , and how their competition with charge transport impacts upon device FF. This analysis was undertaken using transient photovoltage (TPV) and charge extraction (CE) measurements, following procedures reported previously. [34] [35] [36] The charge carrier density (n) of active layer at open circuit obtained from CE measurements as function of V OC , controlled by varying the applied light intensity, is illustrated in Figure 6a . n(V OC ) describes the density of charge carriers accumulated for a particular quasi-Fermi level splitting within the active layer, and is therefore an in situ assay of the blends effective electronic bandgap. For both devices, n was observed to increase exponentially with V OC , consistent with this charge primarily accumulating in shallow trap/tail states, as is typical of organic BHJ's. At a representative n of 1.4 × 10 16 (corresponding to approximately one sun irradiation), a shift of +0.24 V is observed between the PffBT4T-2OD:PC 71 BM and PffBT4T-2OD:FBR devices. This increase in effective electronic bandgap is consistent with higher LUMO levels of FBR relative to PC 71 BM; we note this in situ measurement of a 0.24 V shift is smaller than the LUMO shift estimated from neat film CV data (Figure 1 ), most likely due to differing material energetics between neat and blend films. [37, 38] Figure 6b shows charge carrier lifetimes τ as measured by TPV, as a function of carrier density. Comparing at the same equivalent carrier density of n = 1.4 × 10 16 , the nongeminate recombination lifetime is approximately seven times longer for the PffBT4T-2OD:FBR device compared to PffBT4T-2OD:PC 71 BM device. This slower carrier recombination results in a further 0.054 V calculated [39, 40] increase in the FBR device V OC in addition the energetic shift, as it enables higher charge accumulation and therefore a larger quasi-Fermi level splitting. Overall these analyses of the impact of materials energetics and nongeminate recombination on device V OC are in reasonable agreement with the 0.3 V increase in V OC measured directly under one sun irradiation (Table 1) .
We now turn to consideration of charge transport in these devices. The effective drift mobility (µ) of PffBT4T-2OD-based solar cells was calculated from measurements of charge carrier density at short-circuit (n SC ) measured using CE as described previously. [39, 40] Figure 6c shows the effective drift mobility 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com of PffBT4T-2OD:acceptor systems plotted over the range of n SC . PffBT4T-2OD:FBR devices show three times lower drift mobility at the equivalent carrier density compared to PffBT4T-2OD:PC 71 BM devices, most probably associated with trap behavior despite the similar electron mobility. [25] Combining these mobility data with the carrier lifetime data shown in Figure 6b , we obtain values for the µτ product of PffBT4T-2OD:FBR device which are 2-3 times larger than those for PffBT4T-2OD:PC 71 BM device. An alternative viewpoint is to quantify the extent to which the measured nongeminate recombination deviates from simple Langevin recombination theory. [41] [42] [43] Figure 6d shows the measured bimolecular recombination coefficient (k bi ) compared to that predicted from Langevin theory (k L ), plotted as function of charge density. Both blends show k bi values substantially less than k L thus displaying non-Langevin behavior indicating suppressed bimolecular recombination. The PffBT4T-2OD:FBR device (k bi /k L = 0.05) shows slightly more non-Langevin behavior compared to the PffBT4T-2OD:PC 71 BM device (k bi /k L = 0.1), as shown in Figure  S10a (Supporting Information), consistent with the µτ product analysis. These data suggest that the impact of kinetic competition between charge transport and nongeminate recombination in limiting charge collection, and therefore device FF should be less severe for FBR devices compared to PC 71 BM devices. This contrasts to the measured FFs of 0.5 and 0.65 for the FBR and PC 71 BM devices, respectively, and strongly indicates that the lower FF of the FBR device does not result from less efficient charge collection. We discuss alternative limitations to this FF below.
U N C O R R E C T E D P R O O F
Field Dependence of Photogeneration
Despite increased non-Langevin behavior in the PffBT4T-2OD:FBR blend, which should result in more efficient CE, the FF (≈50%) of the PffBT4T-2OD:FBR device is lower than that of the PffBT4T-2OD:PC 71 BM device (≈65%). As discussed above, our ultrafast transient absorption data on blend films indicate that the FBR blend exhibits more severe geminate recombination losses than the PC 71 BM blend. We now consider whether these geminate recombination losses in PffBT4T-2OD:FBR devices are field dependent and therefore explain the lower FF's observed for these devices. Considering the corrected photocurrent in Figure 7a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com the FBR device at short circuit is lower, it increases strongly under strong reverse bias, and by −16 V exceeds that of PC 71 BM devices. This behavior would be consistent with fielddependent charge generation for the PffBT4T-2OD:FBR devices in the absence of strong nongeminate recombination in this regime. In order to probe directly the potential presence of field-dependent charge generation in the PffBT4T-2OD:FBR devices, we employed the time delayed collection field (TDCF) measurement. [44] [45] [46] Following charge generation from a nanosecond laser pulse at a controlled prebias (V pre ), generated charge is extracted after a time delay (t d ) by switching to a reverse collection bias (V rev ). At short delay times of ≈10 ns and under low excitation densities, it is possible to extract the generated charges prior to significant nongeminate recombination losses. Comparing the extracted charges at different prebias conditions allows observation of any field dependence in generation. Figure S11 (Supporting Information) shows the total charge (Q tot ) remaining in the system as a function of switching time t d . At early t d 's, a plateau is present, indicating these time delays are prior to the onset of nongeminate recombination. Comparing Q tot values for different prebias conditions, a field-dependent profile normalized at short-circuit is shown in Figure 7b . These data indicate a clear field dependence of charge generation for the PffBT4T-2OD:FBR device, corresponding to a 15% reduction in charge generation between short circuit and open circuit. This can be assigned to field-dependent geminate recombination losses, with these enhanced losses most likely resulting from the smaller LUMO-LUMO offset present in the PffBT4T-2OD:FBR devices as discussed above. As illustrated in Figure S12 (Supporting Information), this field dependence is sufficient to be the primary cause of the lower FF of the PffBT4T-2OD:FBR devices compared to the PffBT4T-2OD:PC 71 BM devices.
Summary and Conclusions
Herein we report the effect of phase separation morphology and energetics on charge separation and recombination dynamics in PffBT4T-2OD-based BHJ solar cells, and the impact of these kinetics upon device photovoltaic performance. PffBT4T-2OD:FBR blend devices exhibited a higher V OC due to high-lying LUMO level of FBR as well as suppressed nonradiative recombination losses relative to the PffBT4T-2OD:PC 71 BM-based solar cells. However, the device performance of PffBT4T-2OD:FBR blend is still limited by their relatively low FF and J SC , resulting in a device efficiency of ≈7.0% compared to 10.3% for devices employing PC 71 BM. In this article, we addressed key issues determining device photocurrent and FF for PffBT4T-2OD:FBR device. Previous literature has shown that higher geminate recombination losses can typically be caused by excessively intermixed nanomorphologies. [33] GIWAXS and PL quenching data indicate highly crystalline polymer phase in the nanomorphologies for optimized PffBT4T-2OD blends with either PC 71 BM or FBR. Moreover, we find that the PffBT4T-2OD is able to achieve effective exciton diffusion and separation even in the presence of relatively large pure polymer domains due to its relatively long exciton lifetime and diffusion length (10.9 nm). As discussed above, the similar PL quenching efficiency observed for the PffBT4T-2OD:FBR and PffBT4T-2OD:PC 71 BM blends studied herein suggests that nanomorphology is not the cause of the higher geminate losses for PffBT4T-2OD:FBR, at least following poly mer photoexcitation. Rather it appears very likely that these higher geminate losses result from the higher LUMO level of FBR relative to PC 71 BM, reducing the excess energy available to drive electrons away from the donor/acceptor interface. We note that in either case, these data, combined with our PL quenching data above, provide clear evidence that the primary factor reducing the efficiency of generating dissociated charges for PffBT4T-2OD:FBR blends is not the efficiency or kinetics of exciton separation at the donor/acceptor interface. Rather it is the ability of the charges generated by this exciton separation to escape this interface, and thereby avoid the formation, and subsequent recombination, of geminate, bound polaron pairs formed at this interface. While both PffBT4T-2OD blends exhibit similar blend morphologies and exciton dissociation yields, the PffBT4T-2OD:FBR blend is shown to exhibit a lower yield of long-lived polarons due to higher, and field-dependent, geminate recombination losses, leading to a relatively lower device J SC and FF. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 www.afm-journal.de www.advancedsciencenews.com These higher geminate recombination losses are attributed to higher LUMO energy level of FBR relative to PC 71 BM, resulting in too small a LUMO-LUMO energy offset for efficient charge dissociation in PffBT4T-2OD:FBR blends and devices. The highly crystalline donor polymer PffBT4T-2OD results in a highly phase segregated blend nanomorphology, with relatively large polymer domains. The data herein indicates that this morphology results in relatively slow nongeminate recombination losses, enabling efficient charge collection even for thick photoactive layers. This morphology does result in some exciton losses (≈15%) during polymer exciton diffusion to acceptor interfaces, although the magnitude of these losses is reduced by the relatively long exciton diffusion length for PffBT4T-2OD. The use of NFAs facilitates the tuning of acceptor LUMO level. This strategy has been employed to enhance device V OC and has proved particularly effective with the relatively wide bandgap donor P3HT. However, with lower bandgap donors such as PffBT4T-2OD, which exhibit lower LUMO levels, this can result in very small LUMO-LUMO offsets. The data herein indicate that while PffBT4T-2OD:FBR exhibits reasonably efficient, exciton diffusion limited, charge generation from PffBT4T-2OD excitons, the blend exhibits significant geminate recombination losses which limit device photo current and FF. These higher geminate recombination losses can be assigned most obviously to the smaller LUMO-LUMO offset. As such, these data suggest that a key consideration for blends of NFAs with lower bandgap donor polymers is to optimize NFA LUMO level such as to achieve the maximal device V OC while still maintaining a higher enough LUMO-LUMO offset to drive efficient charge dissociation, consistent with our recent report of higher device efficiencies in blends of PffBT4T-2DT with the intermediate LUMO level NFA IDTBR. [15, 16] 
Experimental Section
Device Preparation and Characterization: Prepatterned ITO-coated glass with a sheet resistance of ≈15 Ω square −1 (PsioTec Ltd, UK) was used as the substrate. It was cleaned by sequential sonications in detergent, DI water, acetone, and isopropanol for 5 min at each step. After oxygen plasma for 8 min at 100 W, a ZnO electron transport layer (40 nm) was prepared by spin-coating at 4000 rpm from a ZnO precursor solution (diethyl zinc). Active layer solutions (D:A ratio 1:1.4, 14 mg mL −1 ) were prepared in CB:DCB (1:1 volume ratio) with or without 3 vol% of DIO. To completely dissolve the polymer, the active layer solution should be stirred on a hot plate at 110 °C for at least 3 h. Active layers were spin-coated from the warm polymer solution on the preheated substrate in a nitrogen glove box at different spin rate, where MoO 3 (10 nm)/Ag (100 nm) electrodes were deposited by thermal evaporation under vacuum. Device area was 0.045 cm 2 . J-V characteristics were measured using a xenon lamp at AM1.5 solar illumination (Oriel Instruments) calibrated to a silicon reference cell with a Keithley 2400 source meter, correcting for spectral mismatch. A calibrated reference silicon photodiode was used as a reference for the J-V measurements. Incident photon conversion efficiency was measured by a 100 W tungsten halogen lamp (Bentham IL1 with Bentham 605 stabilized current power supply) coupled to a monochromator with computer controlled stepper motor. The photon flux of light incident on the samples was calibrated using a UV-enhanced silicon photodiode. A 590 nm long-pass glass filter was inserted into the beam at illumination wavelengths longer than 580 nm to remove light from second-order diffraction. Measurement duration for a given wavelength was sufficient to ensure the current had stabilized.
UV-Vis Absorption and PL Spectroscopies:
UV-visible spectra of the thin films were acquired with a PerkinElmer Lambda 25 spectrometer in air. The PL spectra were measured with a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon). All film samples were spin cast on glass substrates.
AFM Characterization: AFM measurements were performed by using a Scanning Probe Microscope-Dimension 3100. All film samples were spin casted on ITO/ZnO substrates.
GIWAXS Characterization: GIWAXS measurements were performed at beamline 5A at the Pohang Accelerator Laboratory (PAL) in South Korea. Samples were prepared on ITO/ZnO substrates using identical blend solutions as those used in devices. The 10 keV X-ray beam was incident at a grazing angle of 0.12°-0.16°, selected to maximize the scattering intensity from the samples. The scattered X-rays were detected using a Dectris Pilatus 2M photon counting detector.
TAS: Femtosecond TAS was carried out using a commercially available transient absorption spectrometer, HELIOS (Ultrafast systems). Samples were excited with a pulse train generated by an optical parametric amplifier, TOPAS (Light conversion). Both, the spectrometer and the parametric amplifier were seeded with an 800 nm, <100 fs pulses at 1 KHz generated by a Solstice Ti:Sapphire regenerative amplifier (Newport Ltd).
TPV and TDCF: CE was performed at open circuit under different illumination intensities. In addition, for J-V reconstruction, the device voltage was varied using Keithley 2400 sourcemeter, before extracting charges at short circuit. Devices were illuminated by a ring of white LEDs, where the LEDs are switched off (100 ns) and the device discharged close to short circuit over a measurement resistance of 50 Ω. The resulting transients were acquired with a TDS 3032 Tektronix digital oscilloscope, converted to a current using Ohm's law, and integrated with respect to time to calculate n.
TPV was recorded in an open circuit under different illumination intensities, provided by a ring of white LEDs. An Nd:YAG pulsed laser (Continuum Minilite II) was used to generate small perturbations in the device and the resulting voltage transients were recorded with a TDS 3032 Tektronix digital oscilloscope and fitted with a single exponential function to obtain a carrier lifetime. Transient photocurrent was performed in a short circuit under different illumination intensities.
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